Recently expanded knowledge of gene regulation clearly indicates that the regulatory sequences of a gene, usually identified as enhancers, are widely distributed in the gene locus, revising the classical view that they are clustered in the vicinity of genes. To identify regulatory sequences for Sox2 expression governing early neurogenesis, we scanned the 50-kb region of the chicken Sox2 locus for enhancer activity utilizing embryo electroporation, resulting in identification of a number of enhancers scattered throughout the analyzed genomic span. The 'pan-neural' Sox2 expression in early embryos is actually brought about by the composite activities of five separate enhancers with distinct spatio-temporal specificities. These and other functionally defined enhancers exactly correspond to extragenic sequence blocks that are conspicuously conserved between the chicken and mammalian genomes and that are embedded in sequences with a wide range of sequence conservation between humans and mice. The sequences conserved between amniotes and teleosts correspond to subregions of the enhancer subsets which presumably represent core motifs of the enhancers, and the limited conservation partly reflects divergent expression patterns of the gene. The phylogenic distance between the chicken and mammals appears optimal for identifying a battery of genetic regulatory elements as conserved sequence blocks, and chicken embryo electroporation facilitates functional characterization of these elements. q
Introduction
Avian embryos have always been amenable to the most modern experimental approaches in the field of developmental biology by virtue of their versatile accessibility. This can be traced back to the monumental work of H.C. Waddington in 1930s demonstrating the organizer activity of Hensen's node (Waddington, 1933) . The ex-ovo embryo culture technique developed by D.A.T. New (New, 1955) also provided a widely applicable experimental system for cellular and physiological manipulation of embryos. Needless to say, N. Le Douarin's chick-quail chimera analysis (Le Douarin, 1980) made developmental biology stars of avian embryos, in which migration and interaction of the cell populations were elegantly demonstrated.
However, analysis of gene regulation and manipulation of the genes in the chicken embryo have tended to lag behind those in the mouse system, where transgenesis and targeted gene disruption are now routine. Excellent retrovirus infection systems have been developed for chicken embryos, but there are limitations to their use because of the need for virus-free embryos, and virus-handling facilities. A breakthrough was provided by development of the electroporation technique, first demonstrated to be highly efficient in chicken embryos by Funahashi et al. (1999) . The technique now allows us to test a number of vector constructs for their expression or regulatory activities in the chicken embryo. Analysis of regulatory sequences of Hox and other genes in the rhombencephalon and spinal cord (Itasaki et al., 1999; Timmer et al., 2001 ) are early successful examples. Those early attempts often used the neural tube ventricle of embryos for the site of DNA application, but the electroporation technique is particularly useful for early disk-shaped embryos, where a gene can be delivered to a large fraction of the cells exposed to one side of the embryo, epiblast/ectoderm and hypoblast/ endoderm.
A new era of genome research has arrived, boosted by the advancement of whole genome sequencing of vertebrate species. Full genomic sequences first became available in human and mouse in vertebrates (Lander et al., 2001; Venter et al., 2001; Waterston et al., 2002) . As will be shown in this article, comparison of chicken and mammalian extragenic sequences is highly revealing of genetic regulatory elements that are scattered and embedded in the bulk of genomic sequences, but are conspicuously conserved among amniotes.
We describe here our exciting experience in the analysis of Sox2 gene regulation utilizing chicken embryo electroporation and comparing chicken and mammalian genomes (Uchikawa et al., 2003) , in celebrating the publication of the chicken genome draft sequence. The procedure for embryo electroporation using New's culture method is also described in detail.
Sox2 in the chicken embryo
In the chicken embryo, expression of Sox2 occurs widely throughout the neural primordium Uwanogho et al., 1995) , and is regarded as an embryonic 'pan-neural' marker (Darnell et al., 1999; Streit et al., 1997; Uchikawa et al., 2003) . This holds true for mouse embryos, except that Sox2 is also expressed in the epiblast (Avilion et al., 2003; Collignon et al., 1996; Wood and Episkopou, 1999) . Fig. 1 shows the Sox2 expression in the developing chicken embryo. At stage 4, when Hensen's node is formed, Sox2 expression is initiated in the horse shoe-shaped area surrounding the node; this expression marks the presumptive anterior neural plate. As the node moves posteriorly, a Sox2-expressing domain is newly generated surrounding the new node position and added to the domain of previously activated Sox2 expression, and this process continues. Posterior extension of the Sox2-expression domain in the chicken embryo suggests that there are at least two mechanisms involved in establishing the panneural Sox2 expression, first, activation in response to certain signals emanating from Hensen's node, and second, maintenance of Sox2 expression once activated by the first mechanism. The first Sox2 expression step must be essential for the neural induction process. On the other hand, the mechanism which maintains the Sox2 expression may be involved in establishment of the neural primordial state. Thus, identification of genetic regulatory elements for activation and maintenance of Sox2 expression should provide important clues to understanding the molecular mechanisms involved in the neural primordial cell state. Around stage 10 of chicken embryogenesis a second set of tissues, the cephalic placodes, begin to express Sox2.
We isolated the 50-kb genomic region of the chicken Sox2 locus covered by three phage clones and determined its DNA sequence in the hope that the region included essential regulatory elements of Sox2; we prepared a number of overlapping fragments a few kilobases long, and placed each fragment in a reporter vector construct coding for enhanced green fluorescent protein (EGFP) to be introduced in the chicken embryo for assessment of an enhancer activity. Electroporation was the first-choice technique for gene transfer, and the EGFP vector was chosen to enable continuous monitoring of gene activation in live embryos.
The requirements for such a vector construct are (1) the virtual absence of expression of the gene (e.g. EGFP) Fig. 1 . Expression of Sox2 marking the neural primordium in the early chicken embryo. Embryos hybridized with Sox2 probes at various developmental stages are oriented with the anterior facing the top. Sox2 expression is initiated in the presumptive cephalic neural plate at stage 4 in the area surrounding Hensen's node, indicated by the arrowhead. As the node moves posteriorly, the Sox2-expressing domain of the embryo extends posteriorly. After stage 10, a new set of Sox2-expressing domains appears marking sensory placodes and branchial arches. The arrows indicate the positions of the lens placode (anterior) and the otic placode (posterior). Reprinted from Developmental Cell, Vol 4, Uchikawa et al., Functional analysis of chicken Sox2 enhancers highlights an array of diversity regulatory elements that are conserved in mammals, pp. 509-519, 2003, with permission from Elsevier. without insertion of an enhancer sequence, and (2) high gene activation faithfully reflecting the specificity of the enhancer. In using transgenic mice, these conditions are satisfied by HSP68 promoter-based vectors first developed by J. Rossant's laboratory (Rossant et al., 1991) . However, the same vector was not favorable in the electroporated chicken embryos. There was very high background expression without addition of an enhancer sequence, and as a consequence, only marginal effects of the enhancers, e.g. lens-specific d-crystallin enhancer (Kamachi et al., 2001; Muta et al., 2002) . Through a series of trials using various constructs, we found that tk-EGFP, driven by HSVtk (Herpes simplex virus thymidine kinase) promoter, is satisfactory in electroporated chicken embryo, because of its very low background expression without an enhancer and a very marked response to an inserted enhancer sequence. Intriguingly, HSVtk-based constructs respond poorly to enhancers in transgenic mice (data not shown).
Stage 4 embryos can consistently be electroporated without causing morphological abnormalities in later development, but in our hands earlier stage embryos are too fragile to be successfully electroporated. Thus, stage 4 embryos were used for assaying enhancers. If an enhancer of the Sox2 gene is involved in the response to Hensen's node-derived signals, the EGFP expression domain will move posteriorly as the development proceeds. To observe this kind of time-dependent change of EGFP expression domain, the New's culture technique for chicken embryos is advantageous. We adopted a modernized version of this technique using a filter pad ring as support for an embryo (Li et al., 1994) , and electroporated cultured stage 4 embryos (Fig. 2) , as detailed in Section 8.
Sox2 enhancers active in the embryonic CNS
We identified five different regions of the Sox2 locus that have an enhancer activity in the neural plate and neural tube when electroporated at stage 4 (Fig. 3) . When examined at stages 11 and 12, the enhancer activities associated with these DNA regions covered different domains of the CNS. The region approximately 3 kb upstream of the Sox2 gene showed an enhancer activity in the most rostral domains of the CNS, from the telencephalon to mesencephalon, while The DNA mixture was injected in the space between the vitelline membrane and the embryo excised from the yolk at stage 4. The embryo was electroporated on the epiblastic/ectodermal side, cultured using the modified New's technique, and observed under a fluorescent dissecting microscope for EGFP expression that occurred in response to an inserted enhancer sequence. The marker gene DsRed is widely expressed after electroporation. the region 15 kb upstream was active as an enhancer in the di-and mesencephalon domains. Downstream of the Sox2 gene, a region 23 kb away functioned as an enhancer in the domains of the CNS posterior to the mesencephalon, but with a gap of the activity in the domain of the rhombomeres from r2 to r4, and this gap was filled by the enhancer activity of a region 8 kb downstream of the gene. Intriguingly, the region 13 kb downstream of the Sox2 gene was active in the posterior end of the developing CNS, where Hensen's node induces new addition of the nascent CNS.
The initially identified DNA fragments bearing these enhancer activities (Fig. 3) were a few kilobases long, but assessment of their subfragments for enhancer activity indicated that a DNA sequence stretch of a few hundred base pairs in each enhancer-bearing DNA fragment was fully responsible for the activity. Any DNA fragments including these sequence stretches showed the same strength and specificity of activity as an enhancer, whereas DNA fragments which did not include the full stretch showed attenuated activity. These DNA stretches thus define the functional enhancers regulating Sox2, and were designated as enhancers N-1 to N-5 (Fig. 3) .
As described above, the region located 13 kb downstream of the Sox2 gene, which was narrowed down to enhancer N-1, showed an activity in the specific region surrounding Hensen's node. This observation suggested that this enhancer directly responds to the node's signals inducing neural tissues. We therefore followed the activation of EGFP expression in embryos from early stages after electroporation with the vector bearing enhancer N-1. Electroporation was carried out in an embryo at stage 4, and a few hours later (at stage 5), EGFP fluorescence reflecting the enhancer activity appeared in a broad area surrounding Hensen's node (Fig. 4) . As Hensen's node shifted posteriorly, the tissue area supporting the enhancer activity also underwent a posterior shift, always being centered by the node (Fig. 4) , suggesting that the enhancer is activated by signals emanating from the node. This model was confirmed by a node grafting experiment, a favorite technique of chicken embryology, in which it was shown that enhancer N-1 is activated by an ectopically grafted exogenous node of Japanese quail, either within the area pellucida or in the area opaca, in parallel with activation of the endogenous Sox2 gene (Uchikawa et al., 2003) . This finding opened up a new avenue for characterizing signals derived from Hensen's node and for identifying mechanisms of progressive neural induction by the node. Indeed, we have identified elements of enhancer N-1 responsible for the response to signals derived from Hensen's node, and characterized a signaling system that activates this enhancer (T. Takemoto, et al., unpublished observations).
Another interesting aspect is the correlation between the stage(s) when activation occurs and the regional coverage of the enhancers in embryonic development (Fig. 5) . At stage 5, enhancers N-1 and N-2 show their enhancer activity in overlapping regions; N-2 covering the region anterior to Hensen's node and N-1 the region from the slightly anterior axial level of the node to its posterior surroundings. Because of the time lag between the electroporation and the emergence of EGFP fluorescence, the activity of these enhancers at earlier stages is not known. As the development proceeds, the active domain of enhancer N-1 shifts posteriorly, and then enhancer N-3 is activated at stage 8 in a region overlapping with the domains of activity of enhancer N-2. At stage 10, enhancer N-4 activity is turned on from the mesencephalon to the spinal cord, except in the rhombomeres r2 to r4, and finally enhancer N-5 becomes active in the space from r2 to r4. Thus, the combined activity of these five enhancers can reconstruct the Sox2 expression in the entire embryonic CNS at stage 12.
Based on the original naïve idea of two mechanisms of Sox2 expression, enhancer N-1 must be the one responsible for activation of Sox2, while other enhancers may be regarded as those involved in maintenance mechanisms (Fig. 5) . One can speculate that enhancers N-2 to N-5 are partly activated by an auto-regulatory loop dependent on earlier expressed SOX2, and indeed these enhancers have notable recurrence of the sequences related to SOX binding sites (Uchikawa et al., 2003) .
Even if enhancers N-2 to N-5 depend on an autoregulatory loop of Sox2 expression, it cannot be the only mechanism sufficient for their activation. Their regional specificities strongly argue for involvement of local extracellular signals. In other words, the domains of the CNS covered by the activity of individual Sox2 enhancers likely reflect a set of extracellular signals directed to the CNS. These signals may regulate other transcription factors than SOX2 in a domain-specific fashion, thus contributing to regionalization of the CNS. Although Sox2 is expressed more-or-less uniformly in the embryonic neural primordium, for its common and possibly essential role in the neural primordium, it should actually depend on various local cues that also pattern the CNS. Therefore, analysis of the transcription factors that bind and regulate the individual enhancers, as well as that of the extracellular signals regulating activity of those transcription factors, should be highly informative about molecular mechanisms underlying regionalization of the embryonic CNS.
Sox2 enhancers active in the lens development
Sensory placodes are the second important tissue class that expresses Sox2 (Fig. 1) . The lens placode and its derivative ocular lens are the best studied sensory placode tissues. Previous studies (Kamachi et al., 1995 (Kamachi et al., , 1998 (Kamachi et al., , 2001 indicated that there are presumably three steps of Sox2 regulation in lens development. (1) Before the lens primordium is induced in the lateral head ectoderm by signals emitted by the optic vesicle, the ectoderm expresses a moderate level of Sox2 from the ventral to lateral side.
(2) When the optic vesicle extends laterally and contacts the lateral head ectoderm, strong Sox2 expression in the ectoderm is initiated confined to the area of the contact. This activated Sox2 expression in cooperation with ectodermal Pax6 expression is responsible for lens placode formation (Kamachi et al., 1998 (Kamachi et al., , 2000 (Kamachi et al., , 2001 . (3) As the lens primordium develops into the lens, consisting of lens epithelium and lens fibers, even stronger Sox2 expression takes place in the lens fiber compartment. In the mouse, this third step of Sox2 expression is missing and is replaced by expression of Sox1 (Kamachi et al., 1998; Nishiguchi et al., 1998) .
The hunt for enhancers associated with the Sox2 gene in the neural tissues also identified the enhancers active in lens development and clearly accounting for the three steps of Sox2 expression. Intriguingly, the enhancers responsible for the first two steps of the expression were those also involved in the neural Sox2 expression. Early ectodermal Sox2 expression was dependent on neural enhancer N-4, while the lens induction-responding enhancer of the second step was enhancer N-3. A lens fiber-specific enhancer (L) was unique and was located 27 kb downstream of the Sox2 gene. Although the sensory placodes all express Sox2, enhancers governing the expression in the nasal and otic placodes were found to be distinct from that in the lens placodes. Two separate enhancers (NOP-1 and NOP-2) located 8 kb upstream and 5 kb downstream of the Sox2 gene are each active in both the nasal and otic placodes. Although these two enhancers share a similar enhancer activity, their DNA sequences are divergent.
Enhancers conserved between the chicken and mammals
It is a generally accepted idea that important regulatory sequences tend to be conserved widely across phyla (Hardison, 2000; Levy et al., 2001) . Around the time the Sox2-associated enhancers were identified, genomic sequences of the Sox2 loci of human and mouse were published (Lander et al., 2001; Venter et al., 2001; Waterston et al., 2002) ; they were not included in earlier drafts, presumably because of the high GC content of the locus. Of course, of immediate interest was whether the enhancer sequences of the Sox2 gene identified in the chicken are conserved in these mammalian genomes. Conserved local synteny of the Sox loci between the chicken and mammalian genomes has been confirmed (Kuroiwa et al., 2002) . Comparison of the Sox2 locus sequences of chicken vs. human and chicken vs. mouse revealed an array of more than 20 conserved sequence blocks hundreds of base pairs long scattered like islands throughout the span of the alignment. Fig. 6 shows the sequence conservations identified by a score threshold of higher than 60% sequence identity over a length exceeding 100 bp. These conserved islands of sequences were almost identical between the two alignments, and importantly, the functionally defined neural enhancers all corresponded to one of the conserved sequence blocks, and the functionally defined borders of the enhancer sequences roughly corresponded to the boundaries of the sequence conservation.
This suggested to us that the majority of conserved sequence blocks represent enhancer sequences responsible Fig. 6 . Correspondence of the functionally defined enhancers with the conserved sequence blocks also found in mouse and human Sox2 locus sequences. (A) The summary of blocks of sequences Nos 1 to 25 of the Sox2 locus conserved between chicken and mouse and between chicken and human, indicated by boxes. On the top, the enhancers corresponding to these blocks are indicated. The boxes numbered and with the superfix 'h' indicate the sequence blocks conserved between the chicken and human, but are missing in the mouse sequence. (B) Dot matrix analysis comparing the DNA sequences of the three animal species encompassing conserved sequence block No. 14, corresponding to enhancer N-5. A dot indicates a 10 bp sequence with .60% matching. Between the chicken and mammalian sequences, only the enhancer sequence is significantly conserved, whereas between human and mouse, the enhancer sequence is buried in a wider region of high sequence conservation. Reprinted from Developmental Cell, Vol 4, Uchikawa et al., Functional analysis of chicken Sox2 enhancers highlights an array of diversity regulatory elements that are conserved in mammals, pp. 509 -519, 2003, with permission from Elsevier.
for the Sox2 expression in later phase neural tissues or in other tissues, e.g. the anterior alimentary tract (Ishii et al., 1998) .
We thus electroporated the stage 11 spinal cord of chicken embryos with the tk-EGFP vector bearing one of the conserved sequence blocks, including those already identified as neural enhancers of early embryos. It was confirmed that enhancer N-4 (conserved sequence block No. 24), which is active in the earlier spinal cord, is also active in the stage 23 spinal cord. Two additional conserved sequence blocks (Nos 18 and 22) were found to be new spinal cord enhancers without activity in an earlier neural plate and, interestingly, the conserved sequence block No. 25 turned out to have strong enhancer activity in the dorsal root ganglia at stage 23 and was called enhancer NC-1 (Fig. 3) . It is known that Sox2 is expressed in the neural crest lineages (Uchikawa et al., 1999; Uwanogho et al., 1995) . It is thus likely that the majority of the conserved sequence blocks function as enhancers governing expression of the Sox2 gene with a restricted timing and in a specific domain of the embryo.
The conserved sequence blocks should of course reflect conserved functions. Zappone et al. (2000) previously described an enhancer that is located 4 kb upstream of the mouse Sox2 gene and is active in the dorsal telencephalon in transgenic midgestation mouse embryos. This enhancer corresponds to conserved sequence block No. 8/enhancer N-2, confirming the conserved enhancer activity.
Comparison of the identified enhancers and the conserved sequence blocks among the three species indicated some species-dependent variations. Enhancer L, active in the lens fibers, is found only in the chicken genome and is missing in the mammalian genomes, consistent with the lack of Sox2 expression in the lens fibers in the mouse (Kamachi et al., 1998) . The sequence blocks conserved between chickens and mice, and between chickens and humans are largely identical, but the mouse Sox2 locus appears to be devoid of the blocks Nos 3, 21 and 25, although these blocks are clearly conserved between the chicken and human sequences. The absence of these sequence blocks in the mouse is not because of a lower degree of sequence similarity but rather the total absence of the corresponding sequences. Block No. 25, a neural crest enhancer in the chicken embryo, is absent in the mouse Sox2 locus, but Sox2 expression takes place in the mouse neural crest as well, suggesting the existence of additional enhancers managing Sox2 expression in the neural crest lineages.
When the human and mouse sequences of the Sox2 locus were compared, the sequence blocks conserved in chicken were included in the mouse -human sequence conservation, as expected (Fig. 6 ), but the sequence conservation extended considerably into the neighboring regions, resulting in embedding of the enhancer sequences within much longer stretches of sequence similarity (Fig. 6 ).
This observation suggests that the phylogenic distance between the chicken and mammals is optimal for identifying genetic regulatory elements as conserved sequences.
Sequences conserved between the fish and amniotes
It is of great interest to compare the chicken Sox2 locus sequence with the corresponding sequences of more distantly related vertebrates than mammals. We thus compared the zebrafish Sox2 locus sequence adopted from the released sequence draft (Zebrafish whole genome shotgun assembly Zv2), with the chicken sequence. As shown in Fig. 7 , upstream of the Sox2 gene, conservation of the limited portions of blocks Nos 2, 3, 4, 8, 9 was recognized in the zebrafish sequence. It is clear that blocks Nos 5 to 7 are missing from the zebrafish Sox2 locus sequence. No new conserved sequences other than those already identified by comparison of the chicken and mammalian sequences were identified.
Downstream of Sox2, partial sequences of blocks Nos 12 and 24 (enhancer N-4) were found to be conserved, but because of the ambiguity of the available sequence data of this region, conservation of the downstream elements has not been determined further.
Thus, only a fraction of the enhancer sequences identified in the chicken, in the blocks and in the stretches within the blocks, were conserved in the zebrafish genome. This may partly reflect the large phylogenic distance between the chicken and fish, causing sequence diversity. However, the existence of the short but highly conserved sequences found by comparison of the chicken and zebrafish sequences is remarkable. These sequences presumably represent essential core elements of the enhancers.
It should also be borne in mind that the expression pattern of the Sox2 gene is not fully conserved between chicken and zebrafish embryos. Although in the chicken embryo Sox2 shows 'pan-neural' expression, in zebrafish the role of pan-neural Sox is largely taken over by Sox19, another Sox gene of Group B1, and Sox2 expression occurs more specifically in the CNS subdomains of the zebrafish embryo (Fig. 7) . This divergence of the expression pattern would also contribute to the limited conservation of the potential regulatory sequences between the chicken and zebrafish.
Considerations of various cases of complex genomic organization
In the analyses described above, we have focused on the 50-kb region of the chicken Sox2 locus, and the analyses were very successful. However, some regulatory sequences may be located further from the gene of interest, a locus may be congested by genes, and gene regulation generally involves not only activation but repression. Again using the Sox2 locus, we would like to address these problems.
The range of locus territory for regulation of a gene
The combined enhancer activities of N-1 to N-5 account for neural Sox2 expression in the late gastrulating chicken embryo (stages 11 and 12). This observation suggests that the 50-kb region we initially analyzed covers important enhancers for Sox2 regulation. Now that draft sequence for the whole chicken genome, including the Sox2 locus is available, it is interesting to examine how widely the conserved sequence blocks are distributed surrounding the Sox2 gene in the chicken and mammalian genomes. Fig. 8 shows the results of alignment of the three genomic sequences of chicken, mouse and human extending the span of analysis in both directions from that shown in Figs. 3,6 . There are sporadic occurrences of the conserved sequence blocks in the regions external to the 50 kb of the initial analysis, but these blocks tend to be more sparse with increasing distance from the gene. It is known that some regulatory sequences, in particular such as locus controlling regions, tend to be in remote locations even leaping over several genes (Talbot et al., 1989) . Therefore, there is no way to delimit the range of locus territory for Sox2 regulation. Nevertheless, it is clear that the initially analyzed 50-kb region is much denser in regulatory sequences compared with the external side regions. It is also apparent from comparison of the chicken and mammalian sequences that in the mammalian sequence the distances between the conserved sequence blocks increase quickly as the blocks become further away from the Sox2 gene, but this increase is moderate in the chicken genome. This compact arrangement of putative regulatory sequences appears to be a reflection of the smaller genome size of the chicken, and supports the view that functional analysis of a given genomic length tends to be more informative with the chicken sequence than with the sequences of mammals.
Overlap of the genes and their territories
It has recently been shown that in mammalian genomes a non-coding transcript composed of multiple exons is In chicken embryos, Sox2 is expressed in a 'pan-neural' fashion (left), but in zebrafish embryos, expression of Sox19, a group B1 Sox gene unique to the fish, is more prevalent, and strong Sox2 expression is confined to the anterior region of the CNS.
derived from another gene of the Sox2 locus, called SOX2OT (overlapping transcript), and the Sox2 gene is located in one of the large introns (Fantes et al., 2003) . The function of SOX2OT is not known. Examination of the chicken Sox2 locus indicates that the sequences corresponding to SOX2OT exons are conserved in the chicken; conserved sequence blocks Nos 4 and 24 include SOX2OT exon sequences (Fig. 8) . Therefore, these particular sequences may be conserved not as regulatory sequences but as exons. This observation also raises the possibility that the enhancers identified by chicken embryo electroporation (Fig. 3) are also involved in regulation of the SOX2OT gene.
Negative regulatory elements and possible combinatorial effects of enhancers
The enhancers enlisted in Fig. 3 were identified by their activation of the reporter gene in electroporated chicken embryos. This approach is strong for identifying geneactivating enhancers, but weak for detecting negative regulatory elements. However, the conserved sequence blocks without demonstrable enhancer activity, besides the exons of SOX2OT, are potential candidates as negative regulatory sequences (Figs. 3,8) . A way to identify negative regulatory sequences would be to test the effect of sequence blocks in combination with nearby enhancers.
In any event, in the native Sox2 locus the enhancers and hypothetical negative regulatory sequences will not function in isolation but rather in combination. The significance of individual regulatory sequences in the overall regulation of a gene at a locus may be assessed by determining the consequences of ablating each of those sequences. This approach is feasible utilizing knockout technology of the mouse, and again the information about conserved sequence blocks facilitates such an approach.
Overall, in spite of complexity in the organization and regulation of a locus, it is clear that the comparison of chicken and mammalian sequences and identification of conserved sequence blocks provide us with a wealth of useful information, e.g. the range of the locus sequences to be looked at, and which sequence blocks should be examined first for potential regulatory activities.
Prediction of regulatory sequences by alignment of conserved syntenic regions of the genomes of appropriate phylogenic distance
Keeping in mind the reservations discussed in the previous section, it will be interesting to apply the empirical criteria derived from the analysis of the Sox2 locus to many other important loci utilizing the chicken genome draft sequence. Namely, if an array of extragenic sequences is conserved between the chicken and mammalian genomes, the array is a strong candidate for a set of enhancers. We examined the Pax6 locus, where a number of investigations have successfully defined the specific enhancer sequences (Griffin et al., 2002; Kammandel et al., 1999; Plaza et al., 1995 Plaza et al., , 1999 Williams et al., 1998; Xu et al., 1999; and Saunders, 1998; Zhang et al., 2002) . It has previously been demonstrated for some of the enhancers that functionally identified quail Pax6 enhancers are conserved in the human sequence of the Pax6 locus (Plaza et al., 1999) . Recent investigations comparing fish and mammalian sequences successfully identified the spots of sequences highly conserved among these distantly related vertebrate species, and confirmed that these conserved sequences are involved in the activity of enhancers showing specificities for certain tissue domains of mouse embryos (Griffin et al., 2002; Kleinjan et al., 2001 Kleinjan et al., , 2004 Miles et al., 1998) . Fig. 9 shows the alignment of the chicken and mammalian Pax6 loci, and a comparison of the conserved sequences with the known enhancers of the mouse Pax6 gene.
As we found for the Sox2 locus, the conservation of the non-coding sequences between the chicken and mammalian Pax6 locus was limited to an array of blocks that were each a few to several hundred base pairs long, whereas the regions conserved between the mouse and human sequences were more widely distributed and covered much longer spans (Fig. 9A) . These conserved sequence blocks match the coordinates of enhancers functionally determined in the mouse Pax6 locus (Fig. 9B ). There are more sequence blocks conserved between the chicken and mammals than there are functionally identified enhancers; as was the case with the Sox2 locus, these conserved blocks are strong candidates for important regulatory sequences that may be confirmed by more extensive testing for an enhancer activity than has been carried out thus far. The enhancers identified by comparison of the fish and mammalian sequences (Kleinjan et al., 2004; Miles et al., 1998) are included in these sequence blocks conserved between the chicken and mammals. Thus, the observations on the Pax6 locus support the notion that the majority of important regulatory sequences are identifiable as sequence blocks conserved between the chicken and mammals.
The value of comparing non-coding and extragenic genomic sequences for predicting potential regulatory elements is not limited to the case of amniotes. In teleosts, projects of whole genome sequencing are ongoing in zebrafish and medaka, the latter species being more closely related to fugu. The phylogenic distance between zebrafish and medaka appears comparable to that between the chicken and mammals. Comparison of these genomic sequences is eagerly awaited, since their comparison will also reveal a full battery of candidate regulatory sequences of fish to be tested functionally.
In conclusion, our observations about regulatory sequences in the chicken genome underscore the value of the chicken and its embryos as a reference species uncovering regulatory functions of sequences embedded the mammalian genomes.
9. Experimental procedures: electroporation and culturing chicken embryos
Preparation of the agar support medium
The yolk and albumen of a cracked egg were poured into a 10-cm diameter dish, and 10-15 ml of thin albumen was collected in a sterile bottle. After glucose was added to 0.3%, the albumen was stirred for 15 min at room temperature, and equilibrated at 49 8C. Then, melted Agar Noble (Difco) at 0.6% in 123 mM NaCl, pre-equilibrated at 49 8C, was added to the albumen, and mixed by gently swirling for 30 -60 s. Then 2 ml aliquots of the mixture were dispensed in Petri dishes (1008, Falcon) using pipettes. The agar was hardened by incubation at 4 8C for longer than 1 h, and stored at the same temperature for use within a week. All handling was done under sterile conditions.
Preparation of 5% yolk supernatant
From the remainder of the egg, 0.5 ml of the yolk was collected in a 1.5 ml Eppendorf-type tube and mixed with 0.5 ml of Hank's solution by briefly vortexing. The tube was centrifuged at 13,000 rpm at room temperature for 10 min, and 0.5 ml of the supernatant was mixed with 4.5 ml of Hank's solution, resulting in 5% yolk supernatant (Li et al., 1994) which was stored at 4 8C for up to a week.
Preparation of the ring support for embryo culture
A ring of 6-mm internal diameter and 18-mm external diameter was cut out of 3MM filter paper (Whatmann), and sterilized under UV light illumination for 30 min.
Excision from the yolk and culture of stage 4 chicken embryos in vitro
Fertilized eggs were incubated at 38 8C in a humidified chamber to stage 4 (usually for 18-19 h), and briefly sterilized by swabbing the egg shell with a cotton ball containing 70% ethanol, followed by air-drying. The shell was cracked and the egg was poured into a 10-cm diameter dish. The blastodermal embryo was positioned on the upper yolk surface by rolling the yolk with a spoon. The thick albumen adhering to the embryo area was removed using scissors and/or forceps. The filter paper ring was placed on the embryo area, with the embryo at the center, and the vitelline membrane was cut at the periphery of the ring; the embryo was removed from the yolk and transferred to warm Hank's solution by using the paper ring to hold it. The adhering yolk was rinsed away, and the embryo was used for electroporation or culturing.
Electroporation of chicken embryos
Electrodes were cleaned in a stream of Hank's solution with an interdental brush. An embryo was placed upside down (the vitelline membrane on the bottom, Fig. 2 ) above the cathode made of a 2 £ 2 mm platinum plate located in a 2 mm concavity made in the silicone platform. A DNA solution of 1 -2 ml containing the reporter vector DNA at 2 mg/ml and the marker plasmid DNA (pDsRed1-N1, CLONTECH at 1 mg/ml) was injected between the blastoderm and the vitelline membrane using a glass capillary. An anodal electrode was quickly placed on the hypoblast side of the embryo with an inter-electrode distance of 4 mm, and electroporation was performed using a CUY21 electroporator (BEX Co., Ltd) with 5 pulses of 10 V for a duration of 50 ms at intervals of 100 ms. A T820 (BTX) apparatus also worked well at inter-pulse intervals of 1 s. The embryos were electroporated in the setup shown in Fig. 10A , and an embryo immediately before electroporation is shown in Fig. 10B .
Culture of electroporated embryos
After electroporation, the embryo was rinsed with warmed Hank's solution and incubated with the hypoblast side up on the warmed agar culture medium prepared as described above. The embryo was overlaid with 5% yolk supernatant in Hank's solution and incubated at 38 8C at 100% humidity overnight.
